This paper reports generalized design solutions for the punch-through and nonpunch-through drift layers in 4H-SiC. In general, the critical electric field relation of Konstantinov is widely used to design the drift parameters in 4H-SiC due to its accuracy. In this paper, a fitted version of Konstantinov's critical electric field relation is used to derive the generalized optimum parameters for the drift design. The derived set of equations not only offers straightforward design of optimum drift parameters avoiding complex mathematical evaluations but also provide a meaningful insight to the drift design in 4H-SiC. From derived expressions, an inter-relation between the optimum punch-through and nonpunch-through structures is attained. For the punch-through structure, it was observed that optimum doping concentration and width for Konstantinov critical electric field model are 8% and 21.4% lower than that of the nonpunch-through structure. Consequently, the specific on-resistance for the punch-through structure is 14.9% lower than that of the nonpunch-through structure.
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I. INTRODUCTION
Silicon carbide has been the most promising semiconductor material for power semiconductor devices due to its large bandgap, critical electric field and high thermal conductivity [1] . In the field of power semiconductor devices, there has been a constant urge to achieve a high breakdown voltage and a low on-resistance. In order to achieve a better trade-off between breakdown voltage and on-resistance, the drift layer has to be carefully designed to determine the thickness, doping concentration and design structures (Nonpunch-through (NPT)/Punch-Through (PT)). When compared to silicon, 4H-SiC based power devices offer a large reduction in the drift layer resistance which in turn reduces the overall specific on-resistance of the device [1] . Although there have been attempts to optimize the drift layer designs on diamond [2] , 6H-SiC [3] and Si [4] , there has been no previous work on 4H-SiC for optimization of the drift design, and correlation of drift parameters such as N D , W D and R on,sp of the NPT and PT structures [5] , [7] . The discussion in this paper exclusively concentrates on 4H-SiC based power devices.
In general, the drift layer can be designed by either NPT or PT structures. Numerical calculations to evaluate and optimize the drift layer based on ionization rates and critical electric field models is very complex and sluggish. The motivation for this paper is partly attributed to the complexity and compound nature of one of the prominent critical electric field models (Konstantinov's) in evaluating the parameters of drift design. The prime objectives of this paper include i) to derive direct generalized expressions for N D , W D and R on,sp of NPT and PT structures (Section II), ii) comparing the impact of NPT and PT design structures on the drift parameters and correlating them.
II. DRIFT DESIGN STRUCTURES AND ANALYSIS
An abrupt one-dimensional P+/N−/N+ diode structure shown in Fig. 1 is used for the design and analysis of the drift layer of power devices. The drift layer is designed on the basis of NPT or PT principles. On the one hand, in a NPT structure, the electric field goes to zero at the N−/N+ junction, resulting in a triangular shape of electric field. The slope of the electric field pattern denotes the doping concentration and the area of the electric field pattern represents the breakdown voltage. On the other hand, the PT design adopts a thinner drift layer, while reducing the doping concentration to achieve the same breakdown voltage as the NPT structure (A 1 = A 2 from Fig. 1) .
A. PT DESIGN
The critical electric field in 4H-SiC approximated by Konstantinov [6] is presented as
The E c represented in (1) was evaluated based on an NPT structure as shown in Fig. 1 . The critical electric field of NPT structures experience an acute dependence on the doping concentration, whereas in PT structures the critical electric field depends on both doping concentration and width of drift layer. The analysis in [8] , conveys that there is nearly no difference in the critical electric fields of PT and NPT structures at higher doping concentrations but the distinction of critical electric fields gets more significant at comparatively lower doping concentrations for narrow widths of PT structures. For a reasonable doping range of 4 × 10 14 cm −3 to 2 × 10 16 cm −3 to accommodate most of the voltage ratings (600V-25kV) with reasonable widths of drift layer, we confirmed that the difference in the critical electric fields for PT and NPT structures is negligible. Hence, it was assumed that the maximum critical electric fields at the breakdown in PT and NPT structures to be equal in this study.
The breakdown voltage of a PT structure which is also the area of trapezoid A 1 in Fig. 1 is given by [1] 
The computation and evaluation to optimize drift parameters using the Konstantinov's model from (1) is complex and time-consuming. For instance, when the Konstantinov's E c model from (1) is substituted into (2) results in (3) which is given by
The value of W PT is evaluated by solving the compounded quadratic expression (3) . Not only that (3) is complex to solve, but for a specific value of BV, there are wide range of solutions for N D,PT and W PT which makes it difficult to find a unique solution for the optimum specific on-resistance.
On that account, to evaluate the solutions for the optimum design and to simplify the complications involved in (3), we performed graphical curve fitting strategy to approximate the 
Here the units of N D is cm −3 . The coefficient 75750 and exponent 0.095 from (4) are denoted as c 1 and k, respectively to simplify and have a clear understanding in further derivation of equations for generalized forms. So, the expression for E c of fitted Konstantinov model is re-represented as
For a PT structure, the specific on-resistance R sp,PT of a drift layer with a thickness of W PT is given by [1] 
Here μ n is the mobility parallel to c-axis and N + D,PT is the ionized dopant density in the drift region. The ionized donor density in 4H-SiC at room temperature is approximately 90% at a doping of 1 × 10 17 cm −3 and almost entirely ionized (98%) when the doping is below 3×10 16 cm −3 [7] , [9] . Since the doping latitude considered in this study is 4 × 10 14 cm −3 to 2 × 10 16 cm −3 , it was assumed that donors are fully ionized (N + D,PT = N D,PT ) at room temperature. Hence by substituting W PT from (2) into (6), we obtain
To contemplate the approach to determine the optimum R sp,PT from (7), the drift design for a targeted BV of 10kV using Konstantinov's E c model is considered. Substituting the value of targeted BV in (7), we have a wide range of values for R sp,PT for every value of N D,PT as shown in Fig. 3 . The optimum design for drift layer is obtained for the lowest possible value of R sp,PT from Fig. 3 at a distinct doping concentration of N D,PT . Through the conventional approach, performing graphical analysis on (7) to find the lowest possible R on,sp is often time consuming and prone to margin of error. So, to hold off from the implications and to find the minimum value of R sp,PT for the corresponding doping concentration (N D,PT ), the first derivative of (7) with respect to N D,PT is performed and equated zero.
The repercussions of the derivative yields the optimum generalized parameters of a drift layer using PT design that are applicable to 4H-SiC whose critical electric field is in the form of E c = c 1 N k D . The generalized forms of drift layer parameters of PT design in 4H-SiC are summed up in Table 1 . The detailed step-by-step derivation of the generalized equations for PT design is mentioned in the Appendix-B. It should be noted that BV PT or BV NPT in the generalized expressions of Table 1and Table 2 is represented as BV as it is a desired entity and it remains same for either PT or NPT design.
By substituting c 1 , k, and the values of q, ε s and μ n (see Appendix-A) of 4H-SiC in Table 1 , the optimum drift layer parameters of PT structure to achieve a specified BV in 4H-SiC is encapsulated and summarized in Table 3 .
B. NPT DESIGN
The drift parameters of NPT design using Konstantinov E c relation are derived in this sub-section. From Fig. 1 , the The breakdown of NPT structure and also the area of the triangle A 2 from Fig. 1 is given by
Table 2 summarizes all the derived generalized forms for the doping concentration, width and specific on-resistance of NPT structure. Hence, if the electric field dependence on doping concentration of a semiconductor and targeted BV is known, the optimum parameters for the drift layer can be obtained by directly substituting coefficient and exponent of doping concentration.
By substituting c 1 , k, and the values of q, ε s and of μ n (see Appendix-A) of 4H-SiC in Table 2 , the optimum drift parameters of NPT structure for 4H-SiC power devices are summarized in Table 3 along with optimum drift parameters of PT structure. The detailed step-by-step derivation of the generalized equations for NPT design is mentioned in the Appendix-C. Hence the optimum doping concentration, width and specific on-resistance of drift layer can be determined directly by substituting the value of BV in the summarized equations of Table 3 .
The above go-to expressions from Table 3 discloses that the optimum doping concentration, width and specific onresistance of drift layer can be determined directly by substituting the value of BV avoiding the complex mathematical evaluations. An updated trade-off limit between specific on-resistance and breakdown voltage reported in [7] is also included in Table 3 and plotted in Fig. 5 .
III. COMPARATIVE ANALYSIS
Contemplating the equations of doping concentration, width and specific on-resistance of PT and NPT designs from Table 3 , it is evident that the drift design parameters of PT and NPT structures in Konstantinov E c relation are corelated by a constant value. Fractionating the corresponding parameters of PT and NPT from Table 3 , we have N PT,K = 0.920N NPT,K (10)
Dividing optimum values of widths of PT and NPT,
The ratio of on-resistances of PT and NPT from Table 3 yields,
It is concluded that from (10, 11 and 12), at a distinct BV, the doping concentration and width of drift layer of a PT structure needs to be reduced approximately by 8% and 21.4% respectively, when compared to the NPT structure. Fig. 4 plots the required doping concentrations and widths of drift layers for PT and NPT structures using Konstantinov's E c model to achieve a specific BV. Hence, Fig. 4 provides a graphical design guideline for drift layer design in 4H-SiC based power devices.
The trade-off relation between specific on-resistance and breakdown voltage is plotted in Fig. 5 . As anticipated, at a specific breakdown voltage, the PT structure offers 14.9% lower specific on-resistance when compared to NPT structure. The SiC limit of the PT structure from this study using Konstantinov's E c model agrees with [7] at lower breakdown voltages but there is a minute increase in R on,sp at higher breakdown voltages when compared to [7] as indicated in Fig. 5 . This disparity in the R on,sp is partly attributed to the different critical electric field models used.
IV. CONCLUSION
In summary, we have derived generalized solutions for optimum drift parameters for PT and NPT designs of drift layer in 4H-SiC using the critical electric field relation of Konstantinov. Accordingly, the optimum drift layer design expressions for 4H-SiC unipolar devices are also derived. In 4H-SiC based power devices, at a specific BV, NPT structure in general is followed by a large doping concentration, width of drift layer and large on-resistance. Whereas a PT structure utilizes low doping levels, smaller width and still yields a lower on-resistance compared to NPT structure. From derived expressions, the optimum doping concentration and width of PT structure are 8% and 21.4%, lower than that of NPT structure for Konstantinov E c model. Consequently, due to the differences in doping concentration and width, the specific on-resistance for PT structure of Konstantinov is 14.9% lower than that of the NPT structure.
APPENDIX

A. MOBILITY MODEL
The specific on-resistance R on,sp of a drift layer with PT or NPT structure and thickness of W D is given by
As mentioned in Section II-A, in this study, it was assumed that donors are fully ionized and hence N + D is equal to N D at room temperature. μ n from (13) represents electron mobility parallel to c-axis which is given by
To further simplify the specific on-resistance and have a straightforward equation, the mobility model is fitted in the operational range of unipolar devices of 4H-SiC at 300K. Fig. 6 shows the fitted version of mobility and its dependence on the doping concentration. Implementing the fitted mobility model from Fig. 6 
B. DERIVATION OF GENERALIZED OPTIMUM DRIFT PARAMETERS FOR PT STRUCTURE
The generalized expression for E c of fitted Konstantinov model is represented as
The width of drift layer in a PT structure is given by solving the quadratic expression (2), which gives
Simplifying (17),
Substituting (16) into (18),
The specific on-resistance R sp,PT of a drift layer with a thickness of W PT is given by [ To find the minimum value of R sp,PT , the first derivative of (21) with respect to N D,PT is performed and equated zero.
To solve (22), let
Substituting (23) into (22), and solving for x,
Substituting (24) into (23) (28)
C. DERIVATION OF GENERALIZED OPTIMUM DRIFT PARAMETERS FOR NPT STRUCTURE
The doping concentration of the NPT structure for a desired breakdown voltage is given by
The critical electric field E c , for a NPT structure is given by (35)
